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We study theoretically transport through a semiconducting nanowire (NW) in the presence of
Rashba spin orbit interaction, uniform magnetic field, and spatially modulated magnetic field. The
system is fully gapped, and the interplay between the spin orbit interaction and the magnetic fields
leads to fractionally charged fermion (FF) bound states of Jackiw-Rebbi type at each end of the
nanowire. We investigate the transport and noise behavior of a N/NW/N system, where the wire
is contacted by two normal leads (N), and we look for possible signatures that could help in the
experimental detection of such states. We find that the differential conductance and the shot noise
exhibit a sub-gap structure which fully reveals the presence of the FF state. Our predictions can be
tested in standard two-terminal measurements through InSb/InAs nanowires.
PACS numbers: 73.63.Nm,71.70.Ej,14.80.Va,03.65.Nk
Introduction. In the last years considerable attention
has been devoted to condensed-matter systems where
exotic fractionally charged excitations form, which are
interesting both from a fundamental point of view and
for quantum computation purposes [1]. Very recently,
a proximity effect involving fractionally charged edge
states has been considered [2–7], where the induced zero
modes inherit a fractional exchange phase giving rise to
parafermions.
Another setup that admits fractional-charge excita-
tions, with peculiar bound states of Jackiw-Rebbi type
[8], involves finite-length NWs and rings in the presence
of a charge-density-wave gap induced by a periodic mod-
ulation of the chemical potential [9] and in a quantum
spin Hall state induced by a magnetic domain wall [10].
Similarly, it was shown that the simultaneous presence
of Rashba spin-orbit (SOI) interaction and uniform and
spatially periodic magnetic field can produce gapped
phases with bound states and a significantly richer phase
diagram [11]. This includes a reentrance behavior of
Majorana fermions (MFs) and a new phase character-
ized by fractionally charged fermions (FF), analogous
to Jackiw-Rebbi fermions of charge e/2 [8, 12] or frac-
tional charge formation in the SSH model with long-chain
polyenes [13, 14]. Unlike MFs, the FF states exist both
with and without superconductivity, and can exhibit non-
abelian braiding statistics [15].
However, this rich phenomenology notwithstanding,
the transport and noise signature of FFs in these mod-
els have not been investigated so far. Therefore, in this
Letter we address the question of finding transport sig-
natures of the FFs in non-superconducting Rashba NWs,
which we regard as one of the most promising setups for
the observation of fractional fermions. To carry out our
analysis, we consider the NW contacted by two normal
(N) leads at its two ends (see Fig. 1). We adopt the
standard scattering formalism [16–19] to find the differ-
ential conductance and the shot noise in the presence of
the FFs state. We find that the FF phase is identified
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FIG. 1. Sketch of the transport setup, consisting of a semicon-
ducting nanowire NW (pink) of length L attached to normal
N leads (blue). The chemical potential in the NW is con-
trolled by the gate G (light blue). A uniform magnetic field
B is applied along the wire. The NW is also subjected to
a spatially varying magnetic field Bn(x) produced by peri-
odically arranged nanomagnets (green). A fractional-fermion
bound state forms at each wire end (red).
in a distinctive way by a series of features in the conduc-
tance behavior of the junction, especially if spin-sensitive
measurements are possible. The fractional charge of the
bound states cannot however be probed by these trans-
port studies.
Model. We consider a semiconducting NW of length
L along the xˆ direction, in the presence of SOIalong
the zˆ direction and a magnetic field that includes a
uniform (B) and a spatially periodic component (Bn).
The NW continuum Hamiltonian is given by H0 =
1
2
∫
dxΨ†(x)H0Ψ(x), where Ψ = (Ψ↑,Ψ↓)T, Ψσ(x) is the
annihilation operator for a spin-σ electron at position x.
The Hamiltonian density is of the form
H0 = −~2∂2x/2m− µ− iασ3∂x , (1)
with m the electron band mass, α the SOIcoefficient, and
µ the chemical potential. The spectrum of H0 consists
of two parabolas centered at the SOI momenta ±kso =
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2±mα/~2. The magnetic field leads to the Zeeman term
Hz = gµB[B +Bn(x)] · σ /2 , (2)
where g is the Lande´ g-factor and µB the Bohr magneton.
B, chosen along the xˆ direction, opens a gap of magni-
tude ∆z = gµBB/2 at k = 0. The oscillating field Bn(x)
is oriented along yˆ, Bn = yˆBn sin(4ksox + θ) (but other
equivalent configurations are possible [11]). It couples
the two large-k branches of the spectrum, and opens up
a gap of magnitude ∆n = gµBBn/4. It can be generated
externally, by an array of nanomagnets placed in proxim-
ity to the wire [20–22], or internally, e.g., by the hyperfine
field of ordered nuclear spins inside the nanowire [23].
In our analysis, we are assuming that the SOIenergy
mα2/~2 is the largest energy scale in the NW. In this
strong-SOIregime, we follow the procedure described in
Refs. [24 and 25], which allows us to linearize H0 around
k = 0 (referred to as interior branch) and k = ±2kso
(referred to as exterior branches). Finally, for µ = 0, one
obtains the spectrum around k = 0 and k = ±2kso as
E2m = (αk)
2 + ∆2m , with a gap for the interior (m =
i) and exterior (m = e) branch given by ∆z and ∆n,
respectively. In the presence of such two magnetic fields,
the system is fully gapped, with no propagating modes at
subgap energies, |E| < min{∆z,∆n}. However, as shown
in Ref. [11], there can be localized edge states, FFs, in
the gap. For example, in a semi-infinite geometry there
is one bound state, localized at the end of the nanowire,
with energy given by
EFF =
∆z∆n sin θ√
∆2z + ∆
2
n − 2∆z∆n cos θ
. (3)
The angle θ encodes the boundary condition for the os-
cillating field at the nanowire edge. The FF state ex-
ists only if the following relation is satisfied: cos θ <
min{∆z,∆n}/max{∆z,∆n} ≤ 1, see Fig. 2.
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FIG. 2. Spectra EFF(θ) and E
′
FF(θ
′) of the left (full lines) and
right (dashed lines) FF bound state, for L→∞, for different
gap values, as evaluated from the analytical result Eq. (3).
Here we chose symmetric left and right boundary conditions
(θ′ = θ + npi). The bound state energy vanishes for θ = pi,
and becomes for θ away from it, merging into the continuum
at E = min{∆z,∆n}, in correspondence of θ¯ = θ¯(∆z/∆n).
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FIG. 3. Tight-binding numerical results for a nanowire with a
normal/fractional-fermion (N/FF) junction, with FF bound
states in the FF phase. ∆z/tx = 0.2 and ∆n/tx = 0.1 (tx
hopping parameter). The rotating field Bn is present only in
the FF section of length LT, with LT = 3LN and LN = 100.
At the N-FF interface there is a rectangular barrier of width
Lb = LT/50, and height V/tx = 5 (left column) or V/tx = 1
(right column). a)-b): TB energy spectrum E(θ). Inside the
bulk gap, delimited by continuum states (black dots), there
are two FF bound states, localized at the left (red dots) and
right end (blue dots). In addition, there are states localized in
the N section (cyan dots). c)-f): Probability densities |ψσ(x)|2
of the left FF state at θ = 0.6pi [c),d)] and θ = 0.1pi [e),f)].
If the barrier is high, the FF is completely localized in the
FF section [c),d)], and, as a result, the FF spectrum shows
no hybridization [a)] and is fully consistent with Eq. (3). For
lower barrier, the left FF leaks out in the normal section [e),f)]
and gets hybridized with the N-region subgap states [b)].
The non-interacting, spin-degenerate left (l =L) and
right (l =R) leads are described by the Hamiltonian den-
sity Hl = −~2∂2x/2m − µl . At each lead/wire interface
we insert a barrier, modeled with a δ-function in the
wave-function-matching analysis and with a rectangular-
shaped potential in the tight-binding (TB) calculations.
In the latter, more realistic case, one observes that if
the barrier between NW and N sections is high enough
the FFs are localized entirely in the NW section, see
Figs. 3c)-d), and the spectra of NW and N section are
decoupled, as in Fig. 3a). However, if the barrier is re-
duced, the left FF wave function (WF) leaks out in the N
region and hybridizes with the local WFs, see Figs. 3e)-f)
and the red spectrum in Fig. 3b).
Method. To study the transport through the semicon-
ducting NW of length L we employ an S-matrix for-
malism, where we match wave-functions and associated
3currents at each wire/lead interface [26–28]. As main
transport signal we then consider the transmission prob-
ability, which at zero temperature gives the differential
conductance (dI/dV ) in units of e2/h. Depending on the
choice of the spin basis in the leads, one observes differ-
ent types of behavior in the spin-resolved transport co-
efficients Sσσ′ . With the given configuration of SOI and
magnetic fields, the most natural choice (provided by the
eigen-basis of t†t) is to work in the y basis. Therefore, we
consider incoming plane-wave WFs with wave vector kl =√
2m(µl + E)/~2, and a nanowire WF that in the strong-
SOIlimit reads ψNW = aψ
+
i + bψ
−
i + cψ
+
e + dψ
−
e , where
ψ±i/e are the four solutions (internal/external branches,
right/left movers) at energy E, given by
ψ±i (x) =
( [
E±
√
E2−∆2z
]
∆z
, 1
)
e±ikzx , (4)
ψ±e (x) =
(
eiθ
[
E∓
√
E2−∆2n
]
∆n
e−2iksox, e2iksox
)
e±iknx ,
where kz =
√
E2 −∆2z/α and kn =
√
E2 −∆2n/α are
the wave vectors at energy E associated to internal and
external branches [11]. The definitions for kz and kn
apply both above and below the gap, where they become
purely imaginary and describe evanescent modes, whose
linear combination gives rise to our FF bound states.
By matching wave functions and probability currents
at the two N/NW interfaces (x = 0, L), we obtain eight
linear equations, whose solution are the transport coeffi-
cients entering the S-matrix. These quantities all depend
on the incoming energy E, on the wire length L, on ∆z,
∆n, on the phase θ, and on the strengths λ1, λ2 of the
two δ-function barriers at x = 0 and x = L, respectively.
Results. Here we present the results of our numerical
analysis on transport through the SOI-coupled NW. For
finite wire length, the two FF end states have a finite
overlap, determined by the localization length of the FFs,
which is set by the two gaps, ξz(E) ' α/
√
∆2z − E2 and
ξn(E) ' α/
√
∆2n − E2. For long wires, L  ξz, ξn, the
two FF states are decoupled, and each of them has an
energy approximately given by the semi-infinite geometry
result Eq. (3). Such “ideal” spectrum is plotted in Fig. 2,
where we show the energies EFF(θ) and E
′
FF(θ
′) of the
left and right bound states (θ′ = θ + 4ksoL encodes the
boundary condition of Bn at the right end).
In Figs. 4a) and 4b) we show that the transmission be-
havior in the long-wire regime exactly follows the disper-
sion EFF(θ), provided a suitable parameter configuration
is chosen. More precisely, in order to probe in transport
the unperturbed wire spectrum one needs, as usual, to
operate in the tunnel regime, i.e., to have small wire-
leads coupling. This is usually implemented by adding a
strong potential barrier (delta-function in the analytics)
at the N/NW interfaces. However, this method has the
drawback of modifying the spectra of the bound states,
proportionally to the wire-lead coupling strength, see
Figs. 4a) and 4b). There is another method which allows
one to make the bound state signature visible, without
the need of introducing a potential barrier at the inter-
faces. It amounts to choosing very different chemical
potentials (and hence different wave vectors) in the wire
and in the leads. The momentum mismatch has then a
filtering effect, and the intrinsic properties of the wire are
probed without altering the E(θ) dispersion (only the sig-
nal broadening changes, decreasing for larger momentum
mismatches), see Figs. 4c) and 4d).
We stress that it is necessary to tune µl in order to
make the bound state signatures visible in dI/dV . For
a generic value of µl the momentum filtering acts either
ineffectively or too effectively, erasing also the signature
of the FF bound state.
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FIG. 4. The coefficients T↑ = T↑↑ + T↓↑ [a) and c)] and R↑↓
[b) and d)] are plotted in the E-θ plane, as evaluated in two
different regimes. Panels a) and b) refer to the high-barrier
(λ1=λ2=10α), small-µl limit (kl ' kso/2). Panels c) and d)
are instead obtained in the zero-barrier, large-µl limit (kl '
100kso), which yields an equivalent degree of decoupling, but
does not shift the bound state spectra, as highlighted by the
white dotted lines, which correspond to Eq. (3). The other
parameter values are ∆z = α
2/4, ∆n = α
2/10, L ' 3ξz(0).
In Fig. 4, which contains the main result of this paper,
we also show the behavior of the spin-flip reflection coef-
ficient R↑↓ as a function of energy and angle θ, in panels
b) and d). One immediately notices that R↑↓ exhibits
a striking and evident signature of the left bound state,
with a peak that almost perfectly traces the left disper-
sion EFF(θ). Quite intuitively, no influence of the right
bound state appears in the behavior of R↑↓, apart from
at energies very close to the gap, where the localization
4length increases significantly, and from the anticrossing
at small energies, where the two dispersions hybridize and
R↑↓ ' 0 (consistent with the fact that at those points T↑
is enhanced to 1). R↑↑ has the complementary behavior
(not shown): it is equal to 1 everywhere apart from the
energies matching the bound state energy. Therefore, if
one is able to spin-polarize the incoming current and is
able to separately measure R↑↑ and R↑↓, one should ob-
tain a clear signature of the FF bound state when its
energy is matched by the applied bias. The additional
possibility of tuning θ (i.e. by moving the FF section of
the wire) would grant the access to the full EFF(θ) be-
havior, an even stronger confirmation for the presence of
the FF bound states.
If the polarization axis in the leads is chosen differently,
the situation changes slightly: working in the z basis, we
found that T↑ exhibits the same pattern as in the present
treatment, but with a maximum value of 1/2. That is
due to the spin-projection effect along the y axis that
the wire exerts on the incoming electrons.
Further experimental identification of the FF bound
states is possible via noise measurements. We calcu-
lated the shot noise S ∝ tr (r†rt†t) and the Fano factor
F ∝ S/I , both for spin-polarized and spin-unpolarized
transport. Let us denote Tσ =
∑
σ′ Tσσ′ . In the spin-
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FIG. 5. The Fano factor F for two-terminal spin-unpolarized
transport across a nanowire in the FF phase. When the bound
state energy is matched, F exhibits a dip with strength given
by T↑, signaling transport through the wire. At E ' 0 and
θ ' pi both bound states are accessible and T↑ ' 1, F =
0. Away from that, transport is impeded and F = 1. The
parameters are the same as in Figs. 4c)-d).
polarized case, one finds F = 1−Tσ, which is the natural
generalization of the single-channel formula F = 1 − T .
In the spin-unpolarized case, instead, the interplay of the
two spin channels leads to the formula [19]
F =
(∑
σ
Tσ
)−1{∑
σ
(
1− Tσ
)
Tσ
+ 2<e [(r∗↑↑r↓↑ + r∗↑↓r↓↓) (t∗↓↑t↑↑ + t∗↓↓t↑↓)]}, (5)
where a new interference term is present. The results are
shown in Fig. 5, with F as a function of E and θ. When
no states are available at the given energy, the transport
is noiseless (blocked) and F = 1, whereas when reso-
nance with the FF is reached, F exhibits a dip, signaling
transport through the wire. In correspondence of the
degeneracy point {E ' 0, θ ' pi} where T↑ ' 1, F ap-
proaches zero, signaling again noiseless (perfect) trans-
port. In terms of eigenmodes {n}, indeed, F reduces
to F =
∑
n Tn(1 − Tn)/(
∑
n Tn), and F = 0 is reveal-
ing that one eigenmode is perfectly transmitted and the
other mode is completely blocked.
Experimental feasibility. The transport measurements
we propose are within reach of present experimental tech-
niques. Given that the most challenging ingredient is the
creation of a strong enough spatially modulated field, and
the need to use large-g-factor semiconductors in order to
achieve sizable Zeeman couplings, we are proposing to
use large-g-factor InAs (|g| ' 15), InGaAs (|g| ' 12),
and InSb wires (|g| ' 51), or less standard materials,
like InSb1−xNx and GaAs1−xNx, with g-factors of sev-
eral hundreds [29]. Moreover, our setup can exhibit ef-
fects due to strain, confinement, and interactions, which
are known to significantly modify the g-factor [30–35].
Taking typical magnetic fields generated by nanomag-
nets, Bn ' 50 mT [22], we obtain for InSb ∆n ' 40 µeV,
corresponding to ' 0.5 K. It is convenient to choose sim-
ilar values also for B, so that the two gaps are compa-
rable and the bound state can be observed for a large
range of θ (see Fig. 2), whose exact value in a measure-
ment is not easy to control. As explained above, the tun-
ing of µ in the wire is achieved via an underlying gate,
while the tunnel barriers are created by gate fingers or
by the wire-lead interfaces themselves. The SOIenergy in
InSb wires is ' 50 µeV, giving 2kso ' 10 µm−1, so that
the above numbers would indeed place the experiment in
the strong-SOIregime. The optimal transport conditions
that led to the results of Figs. 4c) and 4d) correspond to
having kl ' 2 nm−1, probably too small to be realized
in a metal lead, but realistic in a gated normal section
of the wire serving as lead. Corresponding estimates for
ξz(0) give us ξz(E) ' 0.5 µm, and thus a wire length of
L ' 1.5 µm. Finally, the requirement that Bn couples
the ±2kso branches translates into having the nanomag-
nets separated by 2pi/4kso ' 300 nm.
Conclusions. We have studied the transport proper-
ties of a Rashba NW coupled to normal leads, where the
interplay between spatially varying magnetic field, uni-
form field, and SOIleads to a gap with FF states, bound
to the wire ends. We have shown that there are regimes
where conductance and shot noise measurements reveal
the bound states, which can be further confirmed by the
R↑↓ signal, if spin-resolved measurements are available.
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